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Abstract 
Ferrochelatase catalyzes the insertion of ferrous iron into protoporphyrin IX at the 
last synthetic step of heme biosynthesis. The early study of this enzyme of 
chironomidae larvae showed that chironomidae ferrochelatase has a higher enzyme 
activity compared with those of most different species reported in literature. In 
addition, chironomidae ferrochelatase was found to be stimulated by copper ions by 
four folds. With the metalation process and the copper stimulation of chironomidae 
ferrochelatase remain unclear, the enzyme was studied in-depth through site-directed 
mutagenesis and kinetic approach. Mutagenesis study revealed that Cysl66，Cys373， 
Cys376 and Cys381 were essential to the formation of the iron-sulfur cluster. The 
iron-sulfur cluster is important to the proper enzyme function. The involvements of 
essential residues in catalysis and substrate-iron binding of the active site residues 
were probed by point mutations at His234, Glu310, Glu313 and Glu317. The 
elevated Km values for the substrate iron of these mutations reveal that these residues 
were involved in the preferential substrate-iron binding. The decreased Vmax values 
resulted from the mutations suggest that these residues were involved in the catalysis 
of metalation. His234 was believed to abstract a proton from protoporphyrin IX, as 
well as to function as a binding site of ferrous iron. The three acidic glutamate 
residues were envisaged to transfer the proton from the active site to the exterior 
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surface. They were also believed to facilitate the insertion of ferrous iron. The 
present work also probed the putative copper binding site of chironomidae 
ferrochelatase. Copper was found to bind the enzyme with a dissociation constant 
(Kd) of 0.57 |iM. The elevated Kd values resulted from the mutations at His60, Glu67, 
Glu94 and Glu95 suggest that these residues probably constituted the binding site for 
copper ion. His60 and Glu94 were also found to be essential to the binding of copper 
ion, while Glu67 and Glu95 played ancillary roles to the binding. The study provides 
information on the metalation and copper activation of the chironomidae 
ferrochelatase, which could be useful for the protein engineering of ferrochelatases 









顯示C y s l 6 6 �C y s 3 7 3 �C y s 3 7 6和C y s 3 8 1對於鐵硫複合體的合成是重要的，而 
這鐵硫複合體對亞鐡絞合畴的活性也起重要的功用。定點突變也用來研究 







離常數(Kd)為0.57 | i M � 在H i s 6 0 �G l u 6 7 �G l u 9 4 和 G l u 9 5 的突變中，解離常 
數值都有所提高°這表明它們是構成銅離子鍵結位的胺基酸。His60和Glu94是 
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Chapter One Introduction 
General background and objective of this study 
Heme plays many important roles in living systems. It is a structural component of 
hemoglobin. Its regulatory roles in gene expressions have been also reported 
(Kazuhiro et al., 2002). Heme is synthesized from succinyl coA and glycine through 
a synthetic pathway as shown in Fig 1-1. Ferrochelatase catalyses the last synthetic 
step: insertion of ferrous iron into protoporphyrin IX. All organisms utilize heme 
process ferrochelatase. Ferrochelatase of chironomidae larvae (bloodworm) was 
found to have a higher enzyme activity than those of most species reported (Leung et 
al., 2001). The comparison of enzyme activities from different species' ferrochelatase 
is shown in Table 1-1. The underlying mechanism of this increase in enzyme activity 
is far from clear. Apart from the elevated enzyme activity, copper (11) ion was found 
to stimulate chironomidae ferrochelatase by four folds (Leung et al., 2004). No 
copper activations were reported in other ferrochelatases. Besides, chironomidae 
ferrochelatase is a metalloenzyme and has an iron-sulfur cluster as its prosthetic 
group. The presence of this cluster was previously confirmed by physical methods, 
but the locations of the cysteine residues were not identified. 
With the unanswered questions listed above, this work would primarily focus in the 
following three areas: (1) Probing of the cysteine residues that are the candidate 
residues for cluster formation (discussed in Part Two). (2) Probing the involvement 
1 
of the residues in substrate binding and catalysis, associated with the metalation and 
the elevated enzyme activity (discussed in Part three). (3) Probing the putative 
copper binding site, which initiates the copper activation on chironomidae 
ferrochelatase (discussed in Part Four). 
2 
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Fig. 1-1 The heme synthetic pathway. The first and the last two synthetic steps occur 
in the mitochondria, while the other reactions in the cytosol. Ferrochelatase catalyzes 
the insertion of ferrous iron into protoporphyrin IX to give protoheme IX. Enzymes 
and intermediates involved in this pathway are highly conserved among eukaryotes 
and prokaryotes. 
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Table 1-1 Comparison of enzyme activities of ferrochelatases from various species 
Species Specific activity (U/mg) Reference  
Escherichia coli 290.4^ ~Miyamoto et al, 1994 
Bacillus subtilis 49.4^ Hansson et al, 1994 
Homo sapiens 154^ Dailey et al, 1994 
RatUis noi-vegicus 1167^ Taketani et al., 1984 
Chironomous spp. 45 71 Leung et al.，2001 





Early studies on ferrochelatase from chironomidae larvae 
1.1 Purification of ferrochelatases from different organisms 
Early studies on ferrochelatase were hindered by the low availability of purified 
enzyme due to the difficulties associated with the enzyme purification. Since 
ferrochelatase is membrane-bound, the solubility of the enzyme along purification 
scheme was a problem. The enzyme tended to form intractable aggregates 
(Mazanowska et al., 1969, Dailey, 1977 & Mailer et al, 1980). Besides, the enzyme 
was unstable during purification. A low yield of active enzyme was usually obtained 
(Yoneyama et al., 1965 8c Mazanowska et al., 1969). A breakthrough of purification 
of the enzyme was achieved by employing Blue Sepharose CL-6B chromatography 
(Tanakani et al., 1981). Since then, ferrochelatases were purified in quantity from 
different prokaryotes and eukaryotes. For prokaryotic, ferrochelatases were purified 
from Bacillus subtilis (Hansson et al., 1994) and Rhodopsendomonas sphaeroides 
(Dailey et al., 1982), a facultative-photo synthetic bacterium. Ferrochelatase from 
Bacillus subtilis is a water-soluble enzyme. For eukaryotic, ferrochelatases were 
purified from rat (Tanakani et al , 1981), bovine (Taketani et al., 1982), and human 
(Camadro et al., 1984). 
1.2 Purification of ferrochelatase from chironomidae larvae 
Ferrochelatase was previously purified to homogeneity from chironomidae larvae by 
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our research group (Leung et al, 2001). Blue Sepharose CL-6B column was 
employed for this purification. Partial characterization of the purified enzyme was 
carried out, and showed that chironomidae ferrochelatase exists as a dimer in which 
each monomer shows a molecular weigh of 42.7kDa. This was in agreement with 
most other species' ferrochelatases, except Bacillus suhtilis ferrochelatase that 
functions as a monomer (Hansson et al., 1994). More importantly, it was found that 
chironomidae ferrochelatase shows a higher enzyme activity than those of most 
species studied (Table 1-1). Chironomidae ferrochelatase was found to show three 
folds and nine folds higher enzyme activity than those of human and Bacillus suhtilis, 
respectively (Leung et al., 2001). 
1.3 Molecular cloning of ferrochelatase from chironomidae larvae 
Ferrochelatases from different organisms, from prokaryote to eukaryotes, were 
cloned in the past two decades. The first two ferrochelatases cloned were from yeast 
(Labbe-Bois 1990) and mouse (Brenner et al , 1991 & Taketani et al , 1990). After 
that ferrochelatases from human (Nakahashi et al., 1990), Bradyrhizohium japonicum 
(Frustaci et al., 1992) and Bacillus suhtilis (Hansson et al., 1992) were cloned in a 
short period of time. Ferrochelatase of chironomidae larvae was also cloned by our 
group. The first forty amino acid sequence at N-terminus of the purified 
chironomidae ferrochelatase was determined by Edman degradation. It showed a 
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high homology to those from other species (Fig. 1-2). Based on this sequence, rapid 
amplification of cDNA ends (RACE) was carried out, and the entire enzyme-coding 
cDNA was obtained. The nucleotide was published in GeneBank with accession 
number AY033074. The polypeptide sequence was translated from this cDNA 
sequence. Comparing with other species, chironomidae ferrochelatase shows 30% to 
50% amino acid sequence identity and about 70% homology to those from different 
species, as shown in Table 1-2. The alignment of ferrochelatase sequences from 
different species reveals that they are highly conserved (Fig. 1-3). These residues may 
play essential roles in enzyme functions. The analysis of this protein sequence 
provides information about chironomidae ferrochelatase. The hydrophobicity 
construct of the enzyme as described by Kyte and Doolittle (Kyte et al.，1982) in Fig. 
1-4 reveals there are no membrane-spanning segments in chironomidae 
ferrochelatase. Chironomidae ferrochelatase functions as a peripheral protein. 
Hydrophobic and electrostatic interactions may be involved in holding protein in 
proper orientation for reaction (Labbe-Bois, 1990). In addition, there is a signal 
peptide at the N-terminus. This signal peptide consists of 32 amino acid residues. It 
is deprived of negatively charged residues, a characteristic of signal peptide targeting 
to mitochondria (Glick et al., 1992). 
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1.4 Expression of recombinant chironomidae ferrochelatase 
Due to the difficulty in purifying ferrochelatase from any source, recombinant 
protein expression by different expression systems provides an alternative approach. 
Yeast ferrochelatase was reported to be expressed in yeast (Labbe-Bois 1990), 
baculovims (Eldridge et al., 1992) and E. coli (Dailey et al.，1994) systems. Human 
and mouse ferrochelatases were reported to be expressed in E. coli (Dailey et al., 
1994). Bacterial expression system is advantageous over the others as this expression 
allows production of a large amount of protein, but in a relatively low cost. 
Chironomidae ferrochelatase was also successfully expressed as a soluble, active 
protein by E. coli system (Leung et al., 2004). Although most ferrochelatases were 
expressed as soluble protein, detergents were usually required. This indicates the 









Fig. 1-2 Alignment of the N-terminal polypeptide sequences of ferrochelatase from 
different species. The conserved residues are bolded. 
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Table 1-2 Comparison of sequence homologies of ferrochelatases from various 
species 
Organisms Protein identity Protein homology Reference  
Chironomidae larvae 100 100 Leung et al, 2004 
Drosophila 69 83 Sellers et al, 1998 
Human 53 71 Nakahashi et al , 1990 
Xenopus 53 70 Day et al , 1998 
Gallus 54 72 Day et al., 1998 
Bovine 54 72 Shibuya et al., 1995 
Mouse 53 72 Brenner et al , 1991 
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Fig. 1-3 Multiple alignment of the consensus amino acid sequences of ferrochelatase 
from different species. 'Asterisks' indicate the identical amino acid residues whereas 
‘dots’ represent the amino acid residues, which share similar physiochemical 
properties. The conserved histidine and cysteine residues are boxed as shown. The 
arrow-pointed histidine is the residue believed to be involved in catalysis. 
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Fig. 1-4 The hydrophobicity plot of chironomidae ferrochelatase, generated by 
BioEdit. The scale used was described by Kyte and Doolittle (Kyte et al , 1982), and 
the window size 19 residues. Any regions having hydrophobicity greater than 1.5 are 
regarded as membrane-spanning segment. 
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Part Two 
Study on the iron-sulfur cluster of chironomidae ferrochelatase 
2.1 Presence of iron-sulfur cluster at chironomidae ferrochelatase 
Chironomidae ferrochelatase, like most eukaryotic ferrochelatases studied, is a 
metalloenzyme that contains an iron-sulfur cluster. For prokaryotes, only 
Caulobacter crescentus and Mycobacterium tuberculosis ferrochelatases are 
metalloenzymes (Tamara et al., 2002). Presence of iron-sulfur cluster in 
ferrochelatase from human (Ferrira et al, 1994), Drosophila (Seller et al., 1998) 
chicken and frog (Day et al., 1998) were reported. The iron-sulfur cluster present in 
ferrochelatase belongs to the type of feiredoxin ([2Fe-2S]), with a ferrous iron 
ligands to four cysteine residues. This cluster displays a characteristic electron 
paramagnetic resonance (EPR) spectrum. Fig. 1-5 shows the EPR spectrum of the 
purified chironomidae ferrochelatase. The results indicate that the metal ion of the 
cluster is Fe^^ (Leung et al., 2004). The iron-sulfur cluster is synthesized by products 
of two highly conserved genes, NifU and NifS (Dean et al., 1993). NifS (Zheng et al, 
1993，1994) and NifU (Fu et al., 1994) are responsible for sulfur and iron trafficking 
during iron-sulfur cluster biosynthesis, respectively. 
2.2 Possible roles of iron-sulfur cluster at ferrochelatase 
The commonly-known functional roles of iron-sulfur cluster are primarily in 
mediating biological electron transport. In this connection, iron-sulfur clusters are 
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integral components of the respiratory and photo synthetic electron-transport chains. 
Besides, iron-sulfur clusters are found in a wide range of enzymes playing many 
different functional roles. It was previously shown that the cluster is involved in 
mediation of disulfide reduction of ferredoxin-dependent disulfide reductase (Staples 
et al., 1998), and as a sulfur donor in the final step of biotin biosynthesis (Gibson et 
al., 1999). However, though the understanding of the functional roles of this cluster 
in different enzymes are proliferating, it is far from clear in the case of ferrochelatase. 
The possibility of catalytic function was excluded, as certain prokaryotic 
ferrochelatases lack this cluster. From the study of human ferrochelatase structure by 
x-ray crystallography, Wu proposed that cluster may promote the dimerization of 
monomers to give the functional dimeric form (Wu et al., 2001). The previous study 
suggested that the iron-sulfur cluster is essential to the protein structure maintenance 
and the enzyme activity is generally accepted (Sellers et al., 1998). In addition, this 
cluster may serve as a nitric oxide sensor as a part of immune response (Sellers et al., 
1996). 
2.3 Mutagenesis study of iron-sulfur cluster at chironomidae ferrochelatase 
As described in Section 2.1, the presence of an iron-sulfur cluster of chironomidae 
ferrochelatase was shown by the characteristic EPR spectrum. However, this EPR 
study provided us with no information about the orientation of the participating 
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cysteine residues. In chironomidae ferrochelatase, there are nine cysteine residues, in 
which four of them are highly conserved among different species. These residues are 
Cysl66, Cys373, Cys376 and Cys381. Mutagenesis at these residues would provide 
information on their roles in cluster formation. Since the enzyme activity was 
reported to be closely associated with the intact cluster, we therefore assume that any 
loss of enzyme activity at these mutants confer their roles of cluster. 
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Fig. 1-5 The electron paramagnetic resonance (EPR) spectrum of purified 
chironomidae ferrochelatase (Leung et al., 2004) 
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Part Three 
Study on the catalytic mechanism of ferrochelatase 
3.1 Binding and distortion of porphyrin 
The catalytic mechanism of ferrochelatase involves metalation of protoporphyrin IX 
by ferrous iron，however, the detailed mechanism is far from clear. Much works have 
been done to study the interaction between protoporphyrin DC and ferrochelatase. Fig. 
1-6 shows the chemical structure of protoporphyrin DC It was shown that the 
propionate side chain at positions 6 and 7 are important for the porphyrin interaction 
with the enzyme, as displacements of these propionate groups to any positions other 
than the usual one abolished ferrochelatase activity (Honeyboume et al.，1979). In 
addition, esterification of the two propionates led to loss of the enzyme activity 
(Porra and Jones, 1963). The role of these two propionate groups are imclear, 
however, it is generally believed that they are involved in positioning of porphyrin in 
the active site for the later metalation. Arginine residue was later found to be the 
residue involved in the porphyrin interaction. The protective effect of protoporphyrin 
IX on ferrochelatase against the inhibitory effects of arginyl reagent implied that 
protoporphyrin IX might interact with arginine at the active site (Dailey et al., 1986). 
Despite these findings, the mechanism of porphyrin metalation is still far from clear. 
It was suggested that metalation involves distortion of porphyrin at the A or B 
pyrrole ring due to the following observations. N-methylmesoporphyrin was found to 
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be an inhibitor of ferrochelatase (De Matteis et al, 1982). Cochran later showed that 
antibody against N-methylmesoporphyrin is capable of catalyzing the metalation 
(Cochran et al, 1990). N-substituted porphyrin distorts from the planar porphyrin. 
The porphyrin distortion was suggested to be induced by enzyme upon metal binding, 
as observed in yeast ferrochelatase by resonance Raman spectroscopy (Blackwood et 
al, 1998). It is generally believed that this ring distortion allows exposure of nitrogen 
lone pair electrons to the incoming ferrous iron (Lecerof et al, 2000). The residues 
involved in the initial binding of protoporphyrin IX and the later distortion was 
previously studied with human ferrochelatase. By mutagenesis and x-ray 
crystallography study, Trp310, Pro266, Phe337, Argl64 and Tyrl65 (numbering 
according to human sequence) are the putative residues (Wu et al., 2001). 
3.2 Binding of ferrous iron to ferrochelatase 
As discussed in Section 3.1, the binding of ferrous iron induces the distortion of 
protoporphyrin IX. However, there remains several unanswered questions concerning 
the binding and insertion of ferrous iron. The studies of ferrous iron insertion at the 
non-mammalian ferrochelatases are still in their infancy. Mutagenesis studies of 
certain residues at the active site provide information on the insertion mechanism. 
From the early studies of different species' ferrochelatase, it was found that 
ferrochelatase was inactivated by sulfhydryl specific reagents. Maleimides and 
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iodoacetamide are the two well-known examples. Studies showed that ferrous iron 
had a protective effect on the inhibition by these reagents (Dailey 1984，Dailey. et al., 
1986), leading to a notion that cysteine residues constitute the binding site for ferrous 
iron. However, the exact mechanism remains unclear. The highly conserved cysteine 
residues are less likely to bind ferrous iron as they constitute the iron-sulfur cluster. 
In addition, it was reported that not all ferrochelatases were inhibited to the same 
extent by the sulfhydryl specific reagents. The mammalian ferrochelatases were 
poorly inhibited by iodoacetamide, while chicken ferrochelatase shows different 
reactions (Hanson et al , 1982). Yeast ferrochelatase was inactivated 10 times slower 
by N-ethylmaleimide than that of the human or E coli enzymes (Daily, 1996). Based 
on these observations, different residues other than cysteine should be responsible for 
substrate metal binding. Histidine becomes one of the candidates involving in this 
binding. 
A highly conserved histidine residue, as shown in Fig. 1-3, among different species is 
believed to be responsible for binding and the later insertion ferrous iron into 
protoporphyrin IX. A complete loss of the enzyme activity resulted from the 
substitution of the highly conserved histidine residue by alanine of human 
ferrochelatase was reported (Kohno et a l , 1994). This implied that this highly 
conserved histidine residue is essential to human ferrochelatase. Based on this 
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observation, the corresponding residue of chironomidae ferrochelatase, His234 was 
believed to play an essential role in catalysis of chironomidae ferrochelatase. 
Mutagenesis approach was employed. There are two possible roles that His234 may 
play. The local environment may enable His234 to bear a negative charge for 
interaction with the positively charged ferrous iron. In the other way, His234 may 
bind ferrous iron through its 5-nitrogen atom at the imidazole group. These two 
possible scenarios can be examined by the kinetic analysis of mutants, in which 
His234 is substituted by alanine, aspartate and asparagine. 
In addition to the role of His234, a carboxyl-rich region was reported to be essential 
to the enzyme functions, though their roles remain to be clarified. In human 
ferrochelatase, point mutations at the corresponding residues, Asp340, Glu313 and 
Glu317, resulted in decrease in the enzyme's maximal velocity but with no 
significant changes in affinities towards the two physiological substrates (Wu et al., 
2001), suggesting that these residues do not bind any substrates, but directly involve 
in the transfer of proton from histidine. However, in the Bacillus suhtilis 
ferrochelatase, the corresponding residues were shown to be involved in both 
substrate metal binding and proton transfer (Al-Karadaghi et al., 1997). With 
chironomidae ferrochelatase, the corresponding region consists of three glutamate 
residues, Glu310，Glu313 and Glu317. They are located at a helical structure with the 
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carboxyl side chains pointing to the same direction as shown in Fig. 1-7. Their roles 
in catalysis and substrate-metal binding is sketchy, therefore mutagenesis at these 
residues may give a clear picture of their roles at chironomidae ferrochelatase. 
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Fig. 1-6 The chemical structure of protoporphyrin IX. The side chain substituents at 
position 1, 3，5 and 8 are -CH3. Those at position 2 and 4 are -CH=CH2, and position 
6 and 7 are -C H2C H2COOH. 
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Fig. 1-7 (A) Multiple sequence alignment of ferrochelatase amino acid sequences at 
the helical region from different species. The helical region is bolded, and the three 
glutamate residues, namely Glu310, Glu313 and Glu317 are shaded. (B) The helical 
wheel diagram of the helical structure of chironomidae ferrochelatase. The three 
glutamate residues are pointing towards the same direction as shown here. This 
diagram was generated by BioEdit. 
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Part Four 
Study on the effect of metal ions on ferrochelatase 
4.1 Previous studies on the effects of metal ions on different ferrochelatases 
Lead is a well-known inhibitor of heme biosynthesis. Effects of other metal ions on 
different ferrochelatases were reported. The purified rat liver ferrochelatase was 
shown to be inhibited by mercury, copper, magnesium, manganese and lead 
(Taketani et al., 1981). The purified bovine ferrochelatase was shown to be inhibited 
by mercury, lead and manganese, but not copper (Dailey et a l , 1983). The 
ferrochelatase activity in cell lysate of human lymphocyte was inhibited by copper 
and mercury, but not lead (Enrico et al, 1990). Therefore, different ferrochelatases 
show diverse metal inhibition patterns. From the kinetic study of human lymphocyte 
ferrochelatase inhibition, it was suggested that there are two distinct binding sites for 
copper and mercury (Rossi et al., 1990). Other study also suggested that the longer 
the ionic radius the metal ion has, the weaker the inhibition by the metal (Gaertner et 
al., 1982). However the metal effect on ferrochelatase is unclear. 
4.2 Effects of metal ions on chironomidae ferrochelatase 
Our group previously examined the effects of different divalent metal ions on 
chironomidae ferrochelatase, and showed that chironomidae ferrochelatase was 
inhibited by calcium, lead, magnesium, manganese and zinc. However, it was shown 
that copper activated chironomidae ferrochelatase by over four folds (Fig. 1-8, Leung 
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et al., 2004). This copper activation was not observed in most ferrochelatases studied. 
The exact mechanism of this activation is not fully understood. The kinetic study of 
this copper activation would provide information on how copper ions stimulate 
chironomidae ferrochelatase. 
The previous kinetic study of copper and mercury inhibition on human lymphocyte 
ferrochelatase proposed there may be a metal binding site in the enzyme (Rossi et al, 
1990). Besides, x-ray crystallography of human ferrochelatase revealed there is a 
cobalt ion binding site on protein surface (Wu et al, 2001). Thus, copper binding on 
the protein surface is assumed to be involved in the initial step of copper activation. 
The localization of copper binding site could provide information on the activation. 
The putative binding site/sites on chironomidae ferrochelatase was therefore 
examined by site-directed mutagenesis approach. Cysteine is well known for metal 
binding, and there are conserved copper binding motifs in copper chaperones. This 
copper binding motif shows a sequence of Met-X-Cys-X-X-Cys, where X represents 
any amino acid residues (Urvoas et al., 2004). Chironomidae ferrochelatase contains 
nine cysteine residues, in which two of them are located at the C-terminal. They 
show a motif sequence Cys-X-X-Cys. However, they are likely to form the 
iron-sulfur cluster as previously studies reported. Candidate residues therefore fall to 
any negatively charged residues and histidine. Since an alternation of the protein 
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surface charges may disrupt the enzyme function (Allewell et al., 1992), candidate 
residues were restricted to the non-conserved one. Non-conserved residues are less 
likely to be essential to the enzymatic catalysis. Alternations of these residues may 
not affect the enzyme activity. Additionally, non-conserved residues are usually the 
one that are responsible for any unique structural features of a protein. 
The information obtained from the sequence of coding fragment and homology 
model of chironomidae ferrochelatase provides insights into the location of the 
copper-binding site. Homology model was constructed by protein structure 
prediction software from templates. Templates are the proteins that show a high 
sequence homology to chironomidae ferrochelatase. For chironomidae ferrochelatase, 
there is a fragment enclosed by two glycine-rich blocks at the N-terminal. This 
fragment is rich in negatively charged residues. They are located at either helix or 
turn. Metal ion most likely binds to these secondary structures. These negatively 
charged residues are exposed to the protein surface, as shown by the homology 
model of chironomidae ferrochelatase. Copper ion can access to them. Based on 
these selection criteria，the residues, namely His60, Glu67, Glu94 and Glu95 are the 




400 - J ™ 
350 • J^ 
色 300 • ‘‘、 
i �"�“, 
H 250 • "‘； 
I . 
I 200 - ：；：彳 
=150 • J 
« > i‘ 
邊 100 - T 
'A '' ‘'' � � - 4 
50 • - >ji, ‘�VA �� ‘� ’ ^ 
0 1::��1 , U'二 1 . hi'\\ , n , P h . , , 
Control Ca Cu Mg Mn Pb Zn 
Metal ions 
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al., 2004) 
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Chapter Two Methods and Materials 
General procedure 
DNA fragment coding ferrochelatase was amplified by polymerase chain reaction 
(PCR) using primers with two restriction sites: EcoRI and Smal, at the forward and 
reverse primers, respectively. The digested fragment was ligated to an expression 
vector, pETBluel. Plasmid (pETBlue-FECH) containing the coding fragment was 
transformed into E.coli cell with the strain of Tuner. Expression of protein was 
induced by EPTG Cells were harvested by centrifugation, and the protein was 
released from cells by sonication. Ferrochelatase was purified from cell homogenate 
by Blue Sepharose CL-6B chromatography. The purity of fractions was checked by 
both sodium dedocyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and 
fast protein liquid chromatography (FPLC). The enzyme was assayed according to 
the previously described method. 
Mutant plasmids were constructed by modified QuikChange™ approach. Any 
mutations generated were confirmed by DNA sequencing. The expression, 
purification and enzyme assays were identical to that for wild type enzyme. 
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Part One 
Cloning of chironomidae ferrochelatase coding fragment 
1.1 Amplification of chironomidae ferrochelatase coding cDNA 
DNA fragment coding chironomidae ferrochelatase was amplified from 
chironomidae complementary DNA (cDNA), which was previously prepared by our 
group using PGR. Forward primer contained EcoRI restriction site, while reverse 
primer contained Smal restriction site. Primers were designed by computer software 
Primer3. The nucleotide sequence of forward primer was AGA ATT CAT GGG TGC 
AAA ACC TCA AGT TCA ACC Q while that of reverse primer was TAT CCC 
G G G ACG GAT OCT TGC TTT GAC AC. Restriction sites are bolded in the primer 
sequences. 
Pfu Taq polymerase (Promega) was employed in all PGR to ensure accuracy in 
amplification. PGR was performed in a final volume of 25 pJ in a GeneAmp 9700 
thermal cycler (Perkin Elmer). Each reaction contained 1 mM dNTP mixture. An 
amount of 0.25 |iM primers and 0.4 U of Pfu Taq polymerase were used. Reaction 
was performed in reaction buffer (200 mM Tris-HCl, pH 8.8, 100 mM KCl, 100 mM 
(NH4)2S04，20 mM MgSCU，1.0 % Triton® X-100 and 1 mg/ml nuclease-free BSA) 
supplied by manufacturer. The PCR mixture was incubated at 94°C for 3 minutes 
followed by 30 cycles of amplification. Each cycle consisted of 45 seconds of 
denaturation at 94°C, 30 seconds of annealing at 55°C and 2 minutes of extension at 
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68°C. A final extension step at 68°C for 10 min was performed after thermocycling. 
Any reaction products were separated by agarose gel electrophoresis, and purified by 
nucleic acid purification kit, as described in Sections 7.3 and 7.5. 
1.2 Construction of the expression vector (pETBlue-FECH) 
The purified enzyme coding fragment and pETBluel plasmid (Novagen) were 
digested by restriction enzymes in two successive reactions. In the first reaction, 
substrates were digested by 10 U Smal (New England BioLabs) at 25°C for 60 
minutes. The second digestion was then performed by 20 U EcoRI (Invitrogen) at 
37°C for 60 minutes. The digested products were purified as described in Section 7.5 
in order to remove the residual restriction enzyme. Ligation reaction was performed 
by 1 U T4 DNA ligase (New English BioLabs) at 4 � C overnight. 
Ligation products were transformed into chemically competent cells, TOP 10 cell 
(Invitrogen) as described in Section 7.7. Clones were selected on Luria-Bertani agar 
(USB) plate by colony PCR {Section 7.8). Clones with desired insert were grown, 





2.1 Choices of residue replacements 
Candidate residues were selected as described in Introduction. Besides alanine 
substitutions, all mutations generated were conservative, to prevent any disruptive 
effect on enzyme. Histidine residue was replaced by aspartate and asparagine. 
Aspartate probed for possible negative charge, while asparagine replaced the 
nitrogen atom (5-nitrogen atom) of the imidazole group of histidine. Cysteine 
residues were replaced by serine, a residue with a hydroxyl group. This hydroxyl 
group minced the function of thiol group at cysteine. Glutamate residues were 
replaced by aspartate. Both of them possessed negative charge at physiological pH. 
2.2 Constructions of mutant plasmids 
Mutations were generated by PGR based protocol modified from the procedure of 
QuikChange™ site-directed mutagenesis kit (Stratagene). Mutagenic primers were 
designed by computer software provided by Stratagene. The reaction mixture was the 
same as that used for amplification of ferrochelatase coding cDNA described in 
Section 1.1, except the expression plasmid, pETBlue-FECH was employed as a 
template. The PCR mixture was incubated at 94°C for 3 minutes followed by cycles 
of amplification. Each cycle consisted of 1 minute of denaturation at 94°C, 1 minute 
of annealing at 55°C and 9 minutes of extension at 68°C. A final extension step at 
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68°C of 10 minutes was performed after cycles were completed. For single 
nucleotide substitution, the amplification was performed for 15 cycles. For multiple 
nucleotide substitution, 22 cycles were used. Amplified products were digested by 10 
U Dpnl (New English BioLabs) at 4 � C overnight. Dpnl digests methylated parental 
template. Digested products were transformed into DH5 a competent cells 
(Invitrogen) as described. Cells were allowed to grow on LB (USB) agar plates 
overnight. Successfully mutated clones were screened as described in Section 2.3. 
2.3 Screenings of mutant plasmids 
Screening of mutant plasmids employed colony PCR protocol {Section 7.8). All 
procedures except the primer pair used, was identical to that previously described. 
The forward primer was designed in the way that it only annealed to wild type 
sequence; its 3，terminal nucleotide was complementary to corresponding nucleotide 
in wild type sequence but not the mutated one. The reverse primer annealed to 
plasmid at the site downward the multiple cloning sites. Any clones gave no 
amplification product, as analyzed by 1 % agarose gel electrophoresis {Section 7.5), 
were picked and grown. Mutant plasmids were purified {Section 7.9) and sequenced. 
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Part Three 
Construction of chironomidae-human hybrid plasmid 
3.1 Human R N A isolation 
Human RNA was isolated from human cell line HepG2 by phenol-chloroform 
extraction method. A volume of 1 ml Trizol reagent (Invitrogen) was added to 
cultured cells to extract total RNA. After centrifugation, 200 pi chloroform was 
added. An aqueous layer containing RNA was obtained after centrifugation. A 
volume of 500 jol of propanol was added to precipitate RNA. The RNA pellet was 
washed by 1 ml 75 %v/v ethanol. The washed pellet was air-dried for 15 minutes. 
Dried pellet was dissolved in diethylpyrocarbonate (DEPC, BioRad)-treated water. 
The RNA integrity was analyzed by agarose gel electrophoresis as described in 
Section 7,4. 
3.2 Human cDNA synthesis 
cDNA was synthesized from RNA samples by mixing 5 昭 of total RNA, 500 ng of 
oligo dT primer, 50 mM Tris-HCl (pH 8.3), 75 mM potassium chloride, 3 mM 
magnesium chloride, 10 mM dithiothreitol, 500 |iM of each dNTP and 200 U of 
Superscript n (Gibco BRL) in a total volume of 20 p.1. Reverse transcription was 
performed at 42°C for 50 minutes. After incubation, samples were denatured at 70°C 
for 15 minutes. 
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3.3 Construction of human ferrochelatase expression plasmid 
(pETBlue-HFECH) 
Coding fragment of human ferrochelatase was amplified by a primer pair, using the 
PCR protocol mentioned in Section I.I. Forward and reverse primers contained 
EcoRI and Smal restriction site, respectively. These restriction sites facilitated the 
cloning process later. The amplified fragment was ligated into pETBluel plasmid as 
described in Section 1.2. 
3.4 Construction of chironomidae-human hybrid plasmid 
(pETBIue-HYB-FECH) 
3.4.1 First round P C R 
The glycine-blocks enclosed region (TAG) of human ferrochelatase was amplified by 
two primers: TAG-F and TAG-R (F represents forward; R represents reverse). The 
whole chironomidae ferrochelatase sequence was amplified by a pair of plasmid 
primer: pETBlue-UP and pETBlue-DOWN, using the chironomidae ferrochelatase 
expression plasmid as template. The reaction conditions were the same as that 
described in Section 1.1. Any PCR products were analyzed and purified as described 
in Sections 7.5and 7.5, respectively. 
3.4.2 Second round P C R 
Two PCRs were carried out in the second PCR. In these two PCRs, chironomidae 
cDNAs served as templates, and the previously amplified TAG sequence served as 
primers. Two fragments were generated from two independent PCRs, using two 
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different primer sets. For one reaction, pETBlue-U? and TAG were used, while for 
the other reaction, TAG and pETBlue-DOWN were used. The reaction conditions 
were the same as that described in 'S^ection 1.1. Products from these two reactions 
were complementary to each other at the region of TAG. They were purified as 
described in Section 7.5 before the overlapping PCR. 
3.4.3 Overlapping P C R 
In this overlapping PCR, the two fragments, which were complementary at the TAG 
region, served as template. pETBlue-UP and pETBlue-DOWN were employed as 
forward and reverse primers, respectively. The reaction condition, except the 
annealing temperature, was the same as described in Section 1.1. Annealing 
temperature was 50�C. The amplified hybrid fragment (HYB-FECH) was purified as 
described in Section 7.5. 
3.4.4 Cloning of HYB-FECH 
The HYB-FECH fragment was digested and ligated into pETBluel expression vector 
as described in Section 1.2. 
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Part Four 
Protein expression and purification 
4.1 Protein expression in bacterial expression system 
Chironomidae ferrochelatase was expressed in Tuner cell (Novagen) harboring the 
expression plasmid, pETBlue-FECH. Tuner cells were allowed to grow in LB 
medium with 32 |ig/ml chloramphanicol and 50 |ig/ml ampicillin at 37°C. Antibiotics 
with the above concentrations were added to culture medium re^lar ly with an 
intervals of 1 hour, till its ODsoo reached 0.6. Protein expression was induced by 
isopropyl- ^ -D-thiogalactopyranoside (IPTG, USB) in a final concentration of 1 mM. 
Bacteria were allowed to grow for further 3 hours before cells were harvested. 
4.2 Cell harvest and ammonium sulfate fractionation 
Cells were collected by centrifugation at 8,300 g for 8 minutes. The cell pellet was 
suspended in solubilization buffer (50 mM Tris-MOPS, 1 %w/v potassium chloride, 
0.1 M sodium cholate, pH 8.1). To prevent protease digestion, phenylmethylsulfonyi 
fluoride (PMSF, Sigma) was added to the resupended pellet to a final concentration « 
of 10 jig/ml. Protein was released by sonication four times at 30 second intervals. 
Cell debris was removed by centrifugation at 25,000 g for 40 minutes. The 
supernatant was subjected to two successive fractionations by ammonium sulfate 
(USB). Ammonium sulfate used were 20 % and 40 % by volume of supernatant. 
36 
4.3 Protein purification by Blue Sepharose CL-6B chromatography 
Blue Sepharose CL-6B chromatography (Pharmacia Biotech) was employed for the 
purification of expressed ferrochelatase. The pump system model was TRIS™ from 
ISCO. The fractionated sample was loaded into column equilibrated with 
equilibration buffer (25 mM Tris-HCl pH 8.0，1 mM dithiotheritol, 2.5 mM EDTA, 
10 ^ig/ml PMSF and 20 % glycerol). The column was washed by EQ buffer and 
Buffer A (1 M KCl, 1 % Triton-X 100 in EQ buffer) in a flow rate of 0.6 ml/ml. The 
column was then washed by Buffer B (1 M KCl, 0.5 % sodium cholate in EQ buffer) 
at a flow rate of 1 ml/min. Ferrochelatase was finally eluted by Buffer C (2 M KCl, 
1 % sodium cholate) at a flow rate of 1 ml/min. The purity of elutes was checked by 
SDS-PAGE and FPLC with an anion exchange column. After sample elution, the 
column was washed as described in Section 7.10. All chemicals except Triton-X 100 
and PMSF were purchased from USB. Triton-X 100 and PMSF was purchased from 
Sigma. 
4.4 Precipitation of protein samples for SDS-PAGE analysis 
An aliquot of 10%v/v trichloroacetic acid (Sigma) was added to protein samples, and 
solution was mixed, and then cooled for 5 minutes. Samples were then subjected to 
centrifugation at 12,000 g for 5 minutes at 4°C. Pellets were washed by ice-cooled 
absolute acetone twice. The washed pellets were air-dried before addition of 
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SDS-PAGE sample buffer. 
4.5 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
SDS-PAGE containing 0.1 % SDS was performed in 12 % slab gel according to the 
method ofLaemmi (Laemmi, 1970). BioRad Mini-PROTEAN system was employed 
for electrophoresis. Precipitated samples were incubated in SDS-PAGE sample 
buffer (125 mM Tris-HCl, pH6.8, 1 %w/v SDS, 5 %v/v glycerol, 10 mM 
dithiotheritol) at boiling temperature for 4 minutes. Protein marker 
(BENCHMARK™) used was purchased from Invitrogen. Protein bands were stained 
with Coomassie brilliant blue R-250 (Boehringer Mannheim) in fixing solution of 
30%v/v ethanol (Merck) and 10 %v/v acetic acid (Merck) for 30 minutes. Stained gel 
was destained in destining solution (30 %v/v ethanol, 10 %v/v acetic acid) till 
protein bands were visible. 
4.6 Fast protein liquid chromatography (FPLC) 
FPLC was performed using AKTA FPLC system (Amersham PharmaciaBiotech) 
with Mono Q™ HR 5/5 anion exchange column (Amersham PharmaciaBiotech). 
Before injection of protein sample, the elutes from Blue Sepharose CL-6B 
chromatography were dialyzed against Buffer A (10 mM Tris-HCl, pH 8.0) at 4°C 
overnight. Samples were injected into column equilibrated with Buffer A. The 
column was first washed by Buffer A for 5 minutes. Gradient increase of Buffer B 
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concentration was then started. The concentration of Buffer B (1 M sodium chloride, 
10 mM Tris-HCl, pH 8.0) rose from 0 % to 100 % in 25 minutes. The elution of 
protein sample was monitored by UV change at wavelength of 280nm. The flow rate 
of both buffers was set at 1 ml/min. 
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Part Five 
Functional study of expressed ferrochelatase 
5.1 Kinetic measurements 
The enzyme activity was assayed by the method previously described (Taketani et al , 
1981). The reaction mixture contained protoporphyrin IX (Sigma), 30 pmol 
2-merceptoethanol (Sigma), 50 |imol Tris-HCl (pH 8.0, USB) and 0.2 mg purified 
enzyme. Reactions were initiated by addition of ferrous iron after flushing of reaction 
mixture by nitrogen gas for 30 seconds. The reaction mixture was incubated in the 
dark for 30 minutes at 37°C. Reactions were quenched by the addition of 50mM 
iodoacetamide. Sodium hydroxide with concentration of 1 M was added. Pyridine 
(250 i^l) was added. The mixture was divided into two fractions and analyzed using 
the method of Porra and Jones (Porra et al, 1963). In the kinetic study of 
ferrochelatase, a range of protoporphyrin IX concentrations were tested: from 0 joM 
to 100 nM, with intervals of 10 |iM. For ferrous iron, the same concentration range 
was employed. In the copper activation kinetic study, the concentration range of 
copper ion was 0 [jM to 100 |iM, at 20 [ M intervals. Data were fitted into the 
Michaelis-Menten equation. 
5.2 Metal titration and fluorescence spectroscopy 
The purified enzyme was dialyzed against titration buffer (20 mM Mops, 150 mM 
NaCl, 1 mM dithiothreitol, pH 7.2) overnight at 4°C. Copper nitrate (Sigma) was 
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dissolved in distilled water. In each titration measurement, the enzyme was added to 
a final concentration of 0.6 ^iM. The enzyme was titrated with a range of copper ion 
concentration; from 0 [ M to 2.8 [iM. Fluorescence changes were monitored soon 
after the addition of copper solution, by a spectrofluorimeter of the model LS-50B 
(Perkin Elmer) in a thermostatically controlled cell holder, using a 1-cm-path-length 
polymethacrylate cell (Sigma). All measurements were performed at 25°C. The 
spectra were recorded with a bandwidth of 5 nm for both excitation and emission 
beams. The scan rates used were 600 nm/min. 
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Part Six 
Homology modeling of chironomidae ferrochelatase 
A homology model of chironomidae ferrochelatase was constructed by a protein 
three-dimensional structure modeling software, SWISS-MODEL (Peitsch, 1995, 
Guex et al., 1997, Schwede et al, 2003). A total of nine protein structures at protein 
databank of the Research Collaboratory for Structural Bioinformatics (RCSB) were 
used as templates for model construction. These protein and their corresponding 
databank identity number were listed in Table 2-1. These proteins showed 30% to 
50% sequence homology to chironomidae ferrochelatase. The modeled chironomidae 
ferrochelatase was viewed by protein structure viewer, S wis sPdb-Viewer 
(GlaxoSmithKline). 
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Table 2-1 Protein templates used for the homology modeling of chironomidae 
ferrochelatase by SWISS-MODEL, and their polypeptide sequence similarity to 
chironomidae ferrochelatase. 
Proteins I Species IPDB ED* Similarity Reference 
Ferrochelatase Homo sapiens IHRKA, IHRKB 53.5% Wu et al, 2000 
Ferrochelatase Saccharomyces ILBQA, ILBQB 41.2% Karlbery et al., 2002 
cerevisiae 
1L8XA& 1L8XB 
(complex with cobalt) 
Glycogen OcyrtolagusINOIA 31.43%^Mitchel l et al , 1996 
phosphorylase cuniculus  
Ferrochelatase Bacillus subtilis lAKl 31.43% Al-Karadaghi et al, 1997 
IDOZA Lecerof et al., 2000 
1CLHA Lecerof et al., 2000 
(complex with 
N-methylmesoporphyrin) 
1C9EA Lecerof et al., 2000 
(complex with copper(II) 
N-methylmesoporphyrin) 
Histocompatibility Rattus 1ED3A 31.43% Speir et al, 2001 
antigen complex \noTve^cus  
*Protein databank identity number. 
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Part Seven 
Other routine laboratory methods 
7.1 Determination of nucleic acid 
The amount of nucleic acid was determined at 260 nm by a spectrophotometer model 
DU 650 (Beckman). The amount of DNA and RNA was calculated from the 
absorbance with conversion constant lA26o/50|ig and 1 A26o/40|j,g, respectively. 
7.2 Determination of protein 
A commercial kit, purchased from BioRad, was employed for the determination of 
protein. This assay kit was based on the method described by Bradford (Bradford, 
1976). In each determination, protein samples were diluted with water, to make up a 
volume of 800 |il. A volume of 200 |j,l of the assay dye was added. The color 
development was allowed for 5 minutes. Its absorbance was measured at wavelength 
of 595 nm. 
7.3 Agarose gel electrophoresis of D N A 
Agarose gel electrophoresises were performed in 1 % agarose gel (Invitrogen). 
Agarose was dissolved in TBE buffer (0.09 M Tris, 0.09 M boric acid, 0.5 M EDTA, 
pH8.0). Nucleic acids were separated along an electric field of 120 voltage, and gel 
electrophoresises were allowed to run for 20 minutes. Nucleic acid was stained by 
5 mg/ml ethidium bromide (USB), and visualized under ultra-violet light. 
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7.4 Agarose gel electrophoresis of R N A 
RNA samples were analyzed on 15 % agarose gel. Agarose gel was prepared by 
dissolving 15 %w/v agarose in 10 %v/v MOPS and 12.3 M formaldehyde (Sigma). 
RNA samples were incubated in reaction buffer containing 8.35 %v/v MOPS, 15 
o/ov/v formaldehyde, 41 %v/v formamide and 16 %v/v dye for 15 minutes at 65°C. 
Samples were ran on agarose gel at the voltage of 100 V for 20 minutes. After 
electrophoresis, the gel was stained by ethidium bromide with a concentration of 
0.05 mg/ml. The stained gel was destained in distilled water before gel photo-taking. 
7.5 Nucleic acid purification 
Any PCR products were purified by commercial nucleic acid purification kit. 
Nucleospin gel purification kit (BD Biosciences) was employed in this study. 
Purifications were performed according to procedures supplied by the kit 
manufacturer. For products excised from agarose gel, agarose gel was dissolved in 
NTl buffer supplied at 55�C. For any PCR products in solution form, the volume of 
solution was first added to 100 by TE buffer (0.01 M Tris, 1 mM EDTA, pH 7.4) 
before mixing with NT2 buffer supplied. Samples were loaded to a spin column, 
which was washed by NT3 buffer twice. Nucleic acid was eluted from column by NE 
buffer (5 mM Tris-HCl, pH 8.5) previously warmed to 55°C. 
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7.6 Preparation of chemically competent bacterial cells 
Competent cells were prepared by rubidium chloride method. One ml of culture of 
competent cells grown overnight was inoculated into 100 ml Psi broth (5 g/L bacto 
yeast extract, 20 g/L bacto tryptone, 5 g/L magnesium sulfate, pH 7.6). The culture 
was grown at 37°C with aeration until OD550 reached 0.4. The culture was cooled 
for 15 minutes. Cells were collected by centrifugation at 5,000 g for 8 minutes. The 
pellet obtained was resupended in Tfbl buffer (30 mM potassium acetate, 100 mM 
rubidium chloride, 10 mM calcium chloride, 50 mM manganese chloride, 15 %v/v 
glycerol, pH 5.8) and iced for 15 minutes. After incubation, centrifugation was 
carried out at 5,000 g for 8 minutes. The pellet was respended in Tfbll buffer (lOmM 
MOPS, 75 mM calcium chloride, 10 mM rubidium chloride, 15 %v/v glycerol, pH 
6.5). Resupended cells were quickly frozen in liquid nitrogen, and stored at -80�C. 
These cells were now ready for transformation by heat shock. 
7.7 Heat shock transformation of competent bacterial cells 
After addition of purified plasmids or ligation products to bacterial cell suspension, 
cells were allowed to sit in an ice bath for 30 minutes. Cells were heated at 42°C for 
30 seconds. After heat shock, cells were quickly chilled on ice for two minutes. A 
volume of 250 [i\ SOC medium (20 g/L tryptone, 5 g/L yeast extract, 0.5 g/L sodium 
chloride, 250 mM potassium chloride, 2 M magnesium chloride, 1 M glucose, pH 7.0) 
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was then added, and the recovery of cells were performed by incubation of cells at 
I 
37°C for 60 minutes with continuous shaking. Recovered cells were subsequently 
allowed to grow on LB agar (USB) plate with corresponding antibiotics. For cell 
strains of TOP 10 (Invitrogen) and DH5a (Invitrogen), they were grown on agar 
plates with 50 \ig/m\ ampicillin (USB). For cell strain of Tuner (Novagen), the 
selection was carried out by 32 /zg/ml chloramphanicol (USB) and 50 [ig/ml 
ampicillin. Plates were incubated at 37°C overnight. 
7.8 Colony P C R 
Bacterial colonies were picked and lysed in lysis buffer (TE buffer, pH 8.0, 0.1 % 
Tween 20) at boiling temperature for 10 minutes. Plasmid DNA released was used as 
the template for the subsequent PCR. A primer pair flanking the multiple cloning site 
of the plasmid was used. Each reaction contained 1 mM dNTP mixture, 0.25 pM 
primers and 0.2 [l\ Taq polymerase (Sangon). The reaction was performed in reaction 
buffer supplied by manufacturer. The PCR mixture was incubated at 94°C for 3 
minutes followed by 30 cycles of amplification. Each cycle consisted of 45 seconds 
of denaturation at 94°C, 1 minute of annealing at 55°C and 1 minute of extension at 
72�C. A final extension step of 72°C for 10 minutes was performed after 
thermo-cycling were completed. 
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7.9 Plasmid rescue by alkaline lysis 
Plasmids were purified from overnight-cultured competent bacterial cells by alkaline 
lysis method. The Rapid Plasmid Minipreps system (Marligen) was employed in this 
work. Cells were collected by centrifugation at 10,000 g for 2 minutes. Any pellets 
obtained were suspended in cell suspension buffer (50 mM Tris-HCl, pH 8.0，10 mM 
EDTA, 20 mg/ml RNase A) supplied. Cells were subsequently disrupted by 
incubating in cell lysis buffer (200 mM NaOH, 1 % SDS w/v) for 5 minutes. After 
neutralization of cell lysate, lysate was loaded into purification column supplied. The 
column was washed by two successive washing. Plasmids were finally eluted by N E 
buffer (5 mM Tris-HCl, pH 8.5) previously warmed to 60�C. 
7.10 Washing of Blue Sepharose CL-6B column 
The Sepharose matrix was first washed by 2 bed volumes of cleaning buffer (0.1 M 
sodium chloride, 0.5 %v/v Triton-X 100). It was then washed by three bed volumes 
of high pH buffer (0.1 M Tris-HCl, 0.5 M sodium chloride, pH 8.5) twice. After 
washing with distilled water, the matrix was washed by low pH buffer (0.1 M sodium 
acetate, 0.1 M sodium chloride, pH 4.5) twice. Finally, the matrix was stored in EQ 
buffer, and was ready for use. 
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Chapter Three Results 
Part One 
Protein expression and purification 
Chironomidae ferrochelatase was expressed in E.coli strain Tuner cell as soluble 
protein, and purified to homogeneity by Blue Sepharose CL-6B chromatography. The 
chromatogram was shown in Fig. 3-1. The purity of expressed ferrochelatase was 
checked by SDS-PAGE and FPLC. Coomassie-stained SDS-PAGE gel (Fig. 3-2) 
showed there was a single protein band with a molecular weigh of about 40kDa, 
similar to the expected size of chironomidae ferrochelatase. FPLC (Fig. 3-3) showed 
a single peak. The fractions collected under this single peak showed ferrochelatase 
activity. The amount of soluble protein expressed was 12.6 mg per liter of culture 
medium. 
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Fig. 3-1 The elution profile of chironomidae ferrochelatase from Blue Sepharose 
CL-6B column. The enzyme was eluted using Buffer C at flow rate of 1 ml/min as 
described in Methods and Materials. Three fractions with the highest enzyme 
activity were employed for the enzyme kinetic study. 
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_ 
Fig. 3-2 SDS-PAGE of the purified chironomidae ferrochelatase eluted from Blue 
Sepharose CL-6B column by Buffer C (2M potassium chloride, 1% sodium chelate 
in EQ, see Methods and Materials). The first lane from left is the protein marker. 
Each lane represents each fraction collected from column. A single band was 
observed at the size of about 40kDa for each fraction. 
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Fig. 3-3 FPLC of the chironomidae ferrochelatase purified from Blue Sepharose 
'P* yT  
CL-6B column. The column used for the elution was Mono Q H R 5/5 anion 
exchange column (Amersham PharmaciaBiotech) at a flow rate of Iml/min. 
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Part Two 
Kinetic study of chironomidae ferrochelatase 
Kinetic study was conducted as described in Section 5.1 in Methods and Materials. 
Experimental data were fitted into Michaelis-Menten equation. Lineweaver-Burk 
plot and secondary plots (Fig. 3-4) were plotted to determine the maximal velocity 
(VMAX) and affinities (KM) towards the two physiological substrates. The maximal 
velocity was determined to be 0.22 士 7.21 x 10'^  nmol of protoheme formed in 30 
minutes per milligram of purified chironomidae ferrochelatase. The affinities towards 
protoporphyrin IX and ferrous iron, were 7.00 士 0.36 [M and 66.36 士 1.96 ^M, 
respectively. The kinetic data were means of three independent trials (Table 3-1). 
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Fig. 3-4 (A) The Lineweaver-Burk plot of the expressed chironomidae ferrochelatase 
(B) Secondary plots for determination of maximal velocity (Vmax) and affinities (Kd) 
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Table 3-1 Kinetic data of wild type chironomidae ferrochelatase 
Substrates Km (mM) Vn.ax (nmol/min/mg) Kcat (min^) 
Mean* S.D. Mean* S.D. Mean* S.D. 
Protoporphyrin IX 7.00 0.36 • 7.21 x lO'^  1.09 0.51 
Fe++ 66.36 1.96   
* Values represent the mean of three independent trials 
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Part Three 
Mutagenesis study of iron-sulfur cluster 
The four cysteine residues were believed to be involved in the iron-sulfUr cluster. 
They were mutated to alanine and serine individually. All alanine-substitutions and 
C381S mutation resulted in a complete loss of the enzyme activity. Serine-substituted 
mutants showed different levels of activities as shown in Table 3-2. C166S, C373S 
and C376S mutants showed enzyme activities with 29.9 %，32.3 % and 14.9 % of 
that of the wild type's, accordingly. 
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Table 3-2 Comparison of the residual activities of the various mutants and the wild 
type.  
Residual activity (%) 
Mean* S.D. 
Wild type Not applicable 
CI66A No detectable activity 
C166S 29.9 1.71 
Q213>k No detectable activity 
C373S 32.3 2.34 
C376A No detectable activity 
C376S 14.9 0.73 
C3^\A No detectable activity 
C381S No detectable activity 
* Values represent the mean of three independent trials. 
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Part Four 
Mutagenesis study of metalation by ferrous iron 
4.1 Mutagenesis study at His234 
His234 was substituted by alanine, aspartate and asparagine as described m Methods 
and Materials. H234A mutation completely abolished the enzyme activity. The 
mutant H234D hardly restored the activity (<5% of that of wild type), while H234N 
showed a maximal velocity, which is 84.75% of the wild type (Table 3-3). The 
kinetic analysis was only conducted for the H234N mutant protein, as the other two 
mutants showed almost no enzyme activity. The Km value ofH234N mutant towards 
protoporphyrin IX was 7.92 士 0.43 [M, which was comparable to that of the wild 
type. The Km value of H234N mutant towards ferrous iron was 152.52 士 8.46 [iM. 
This Km value was 2.3 folds higher than that of the wild type (Table 3-4). 
4.2 Mutagenesis study at GluSlO, Glu313 and Glu317 
Glutamate residues at 310, 313 and 317 positions were substituted by alanine and 
aspartate as described in Methods and Materials. All alanine-substituted mutants 
showed no detectable enzyme activities. E310D, E313D and E317D showed the 
maximal velocities that were 48.23 %, 82.83 % and 7.38 % of that of the wild type, 
accordingly (Table 3-3). The Km values of these three mutants are listed in Table 3-4. 
The Km values towards protoporphyrin IX of the three mutants were similar to that 
of the wild type. For ferrous iron, the Km values of mutants E310D and E317D were 
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160.73 土 4.82 ^M and 163.90 士 6.65 |iM, respectively. These values were nearly 2.4 
folds higher than that of the wild type enzyme. For the mutant E313D, its affinity 
value towards ferrous iron was found to be 95.84 士 4.79 i^M, which was 1.5 fold 
higher than the wild type's one. 
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Table 3-3 Comparison of the maximal velocities ( V � �o f the wild type and mutant 
enzymes as percentage of wild type enzyme activity^    
Maximal velocity (nmol/min/mg) %Maximal velocity 
Mean* ^  
Wild type ^ 0 ： ^ 100 
H234A Ni f 
H23 4d Activity < 5% of wild type' 
H234N 0.242 0.0400 84.75 
E310A 
E310D 0.128 0.0060 48.23 
E313A Nil" 
E313D 0.239 0.0260 82.83 
E317A 
E317D 0.015 0.0007 7.38 
* Values represent the mean of three independent trials 
# No detectable activities for these mutants 
A Enzyme activity was too low for accurate kinetic analysis 
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Table 3-4 Comparison of the affinities (KM) towards the two physiological substrates 
of mutants with the wild type 
Km F e ^ ( t i M ) KmPPTX (|XM) 
Mean* S.D. Fold change Mean* S.D. Fold change 
Wild type 66.36 1.96 1 7.00 0.36 1 
H234A Nil存 
H234D Activity < 5% of wild type' 
H234N 152.52 8.46 2.3 7.92 0.43 1.1 
E310A Nif 
E310D 160.73 4.82 2.4 6.87 0.21 0.9 
E313A m f 
E313D 95.84 4.79 1.5 8.12 0.34 1.1 
E317A Nif 
E317D 163.90 6.65 2.4 6.94 0.31 1.0 
* Values represent the mean of three independent trials 
# No detectable activities for these mutants 
A Enzyme activity was too low for accurate kinetic analysis 
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Part Five 
Copper activation of chironomidae ferrochelatase 
5.1 Kinetic analysis of copper activation 
The kinetic analysis of copper activation on chironomidae ferrochelatase was studied. 
The affinities towards protoporphyrin IX and ferrous iron were determined to be 
12.35 士 1.87 \jM and 16.44 士 0.85 respectively. The maximal velocity was 0.87 
士 0.065 nmol/min/mg, as shown in Table 3-5 A. Compared with that of assay without 
copper activation, copper increased the enzyme's affinity towards ferrous iron and 
the maximal velocity by over four folds. However, the enzyme's affinity towards 
protoporphyrin IX was decreased. 
In the metal titration experiment, the copper addition resulted in fluorescence 
quenching of chironomidae ferrochelatase (Fig. 3-5 A). The dissociation constant (Kd) 
of the wild type enzyme was determined from the quenching fluorescence data from 
three independent trials. The dissociation constant was determined to be 0.57 士 0.04 
IxM (Table 3-5C). Fluorescence change was saturated at 2 molar equivalence of the 
enzyme (Fig. 3-5A). Therefore, the stoichiometry of copper binding was 2 copper 
ions : 1 enzyme molecule. To determine if there was any cooperativity of copper 
binding, a Hill plot was constructed, and the Hill coefficient was determined to be 
1.0027 (Fig. 3-5B, Table 3-5C). The Hill coefficient, which was close to the unity, 
indicated there is no cooperativity of copper binding. 
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5.2 Copper activation on chironomidae-human hybrid (HYB-FECH) 
The hybrid enzyme HYB-FECH was constructed as described in Methods and 
Materials, in order to probe the residues responsible for copper binding. The hybrid 
clone was confirmed by DNA sequencing. It showed almost the same maximal 
velocity with that of the wild type enzyme. Copper activation was found to be absent 
in this hybrid enzyme (Table 3-6). The hybrid enzyme showed a dissociation 
constant with a value of 13.24 士 0.29 pM, nearly 23 folds higher compared with that 
of the wild type enzyme (Table 3-6). 
5.3 Mutagenesis study on copper activation 
Four residues, as selected according to the criteria mentioned in Introduction, were 
tested for copper activation. These residues were His60, Glu67, Glu94 and Glu95. 
The results of copper activation on the different mutants were listed in Table 3-7. 
Substitutions of these residues did not alter the normal enzyme activity. Mutants 
H60A and E94A lost copper activation, while E67A and E95A were activated by 
copper by 3.7 and 3.2 folds. Copper activations were restored at H60N and E94D 
mutations. Surprisingly, mutation E67D resulted in copper activation with a fold of 
5.0. The increase in activity was even higher than that of the wild type enzyme. 
Dissociation constants for copper ion of these mutant proteins were also determined 
as shown in Table 3-8. All alanine-substitutions caused decrease in affinities towards 
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copper ion, as shown by the increased dissociation constant values. H60A and E94A 
mutations caused 20 and 16 folds increase in dissociation constant, respectively. 
Aspartate-substitutions at Glu67, Glu94 and Glu95 and asparagine substitution at 
His60 resulted in restoring the dissociation constant to the value similar to that of 
wild type. E95D mutation yielded a smaller dissociation constant compared with that 
of wild type. 
V 
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Table 3-5 The kinetic data of (A) copper activation on chironomidae ferrochelatase, 
(B) chironomidae ferrochelatase in the absence and presence of copper (II) ion and 
(C) the dissociation constant (Kd) and Hill coefficient (n) for the interaction of 
chironomidae ferrochelatase with C u ^ ion. 
A. 
J  
KM (|IM) VN^AX (nmol/min/mg) Kcat (min") 
Mean* S.D. Mean* S.D. Mean* S.D. 
Protoporphyrin IX 12.35 1.87 ^ ^^ o.065 3.65 0.32 
Fe++ 16.44 0.85 
B .  
Ki^Fe^(nM) KmPPIX (|jM) V^ax (nmol/min/mg)  
^ ^ ^ 
+ 16.44 12.35 0.87 
C  
Mean* S.D. 
Dissociation constant (Ka) 0.57 Q 04 
Hill coefficient (n) 1.00 0.05 
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Fig. 3-5 (A) Effects of increasing copper concentration on fluorescence quenching. 
The dissociation constant (Kd) for the interaction of chironomidae ferrochelatase 
with Cu++ ion was determined by plotting the change in saturation (a) as a function 
of copper concentration (right inset). The slope gives the value of Kd. (B) Hill plot 
for the binding of Cu++ ion. The Hill coefficient (n) was determined from the slope. 
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Table 3-6 Copper stimulation and dissociation constant of the chironomidae-human 
hybrid ferrochelatase (HYB-FECH) 
Sample Copper stimulation folds Dissociation constant (Kd) 
Mean* S.D. Mean* S.D. 
Wild type 4：0 ^ ^ ^ 
HYB-FECH 1.3 0.13 13.24 0.29 
•Values represent the mean of three independent trials. 
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Table 3-7 Copper stimulation of the activities of mutants. Activities were measured at 
the saturated level of both substrates. 
Samples Copper stimulation folds 
Mean* S.D. 
"md 
H60A 1.0 0.01 
H60D 2.1 0.05 
H60N 3.9 0.03 
E67A 3.7 0.12 
E67D 5.0 0.27 
E94A 1.4 0.16 
E94D 3.9 0.27 
E95A 3.2 0.13 
E95D 3.7 0.26 
* Values represent the mean of three independent trials 
68 
Table 3-8 Dissociation constants (Kd) of mutant enzymes. The dissociation constants 
of mutants were compared with that of wild type 
Samples Dissociation constant (Kd) Fold change 
Mean* S.D. 
Wild type ^ ^ 1 
H60A 11.10 1.01 20 
H60D 1.84 0.20 3.2 
H60N 0.91 0.06 1.6 
E67A 1.65 0.21 2.9 
E67D 0.95 0.06 1.7 
E94A 9.60 0.29 16 
E94D 1.22 0.15 2.1 
E95A 3.10 0.13 5.4 
E95D 0.45 0.06 0.8 
* Values represent the mean of three independent trials 
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Part Six 
Homology modeling of chironomidae ferrochelatase 
A three-dimension structure model of chironomidae ferrochelatase was constructed 
by SWISS-MODEL, from nine known protein structures through homology 
modeling approach. The model was shown in Fig. 3-6A. The model showed similar 
structure to ferrochelatase from human, in which each monomer was folded into two 
similar domains. Each domain contains a four-stranded parallel |3-sheet flanked by an 
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Fig. 3-6 (A) The three dimensional structure of chironomidae ferrochelatase 
predicted by SWISS-MODEL. (B) The spatial arrangement of the amino acid 
residues responsible for the interaction with the copper (II) ion. 
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Chapter Four Discussion 
Part One 
Protein expression and purification 
In this work, chironomidae ferrochelatase was successfully expressed by utilizing 
pETBlue expression plasmid and E. coll of Tuner strain. The amount of soluble 
protein was about 12.6 mg per liter culture medium. No more proteins could be 
expressed by increased EPTG concentration. The expressed protein was purified to 
homogeneity by Blue Sepharose CL-6B chromatography, though there are various 
commercially purification methods available. The purification of poly-histidine 
tagged protein by immobilized metal affinity chromatography (IMAC) is the 
important step. However, we found that the purification efficiency of IMAC was 
unsatisfactory. In addition, the poly-histidine tag was found to affect the normal 
enzyme activity. Blue Sepharose chromatography was therefore employed though it 
is more laborious and time-consuming. Instability of the enzyme would be the major 
problem associated with the purification process. Protease inhibitor and reducing 
agent are necessary during purification in order to prevent protease digestion and 




Mutant constructions by QuikChange approach 
All mutants were constructed by QuikChange^^ approach. This is a convenient 
method for mutant plasmid construction as no sub-cloning and ligation are needed. 
The manufacturer's instruction suggests mutagenic primer should be FPLC-purified. 
However, desalted primers were clean enough for mutant construction as the data 
showed. Amplification of plasmid by polymerase with full proofreading activity, pfu 
polymerase, is strictly required, to avoid any generations of undesired mutations. The 
processivity of this polymerase is relatively low, making the amplification less 
efficient in term of product yield. We found that a small amount of amplification did 
not affect the mutagenesis efficiency, but it was the primer design that would affect 
the efficiency. Primers were therefore designed in the way that (1) the desired 
mutation should be located at the center of the primers, and (2) the primers should be 
initiated and terminated by dCTP or dGTP. A modified colony polymerase chain 
reaction was employed for mutant selections. Mutagenesis efficiencies of different 
mutants varied. This can be explained by the different nucleotide sequence in which 
the mutation was generated. The screening method is sequence-specific. Therefore 
conditions for screenings of different mutations were needed to be adjusted and, 
consequently, it made the screening process less efficient. 
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Part Three 
Kinetic study of expressed chironomidae ferrochelatase 
The kinetic parameters of chironomidae ferrochelatase was determined, and the 
enzyme's affinity towards the two physiological substrates were compared with those 
from other species' ferrochelatases reported (Table 4-1). Chironomidae 
ferrochelatase showed substrate affinities similar to those of most species. Most 
enzymes show binding affinities at micromolar level. The results suggest that the 
elevation of the enzyme activity of chironomidae ferrochelatase, which was 
previously reported by our group (Leung et al., 2001), may not be due to the 
effective substrate bindings, but probably through preferential interaction between 
the polar residues. In addition, the kinetic study shows that the enzyme gets a higher 
affinity towards protoporphyrin IX than ferrous iron. The insertion of ferrous iron 
would be the rate-limiting step. The finding is in agreement with early other studies 
with ferrochelatases except Saccharomyces cerevisiae. For S. cerevisiae 
ferrochelatase, it shows affinity towards ferrous iron, which is 3-fold higher than that 
towards protoporphyrin IX (Camadro et al , 1982). The sequential binding of 
substrates to ferrochelatase is generally believed to be the initial step of metalation. 
Protoporphyrin IX first binds to the enzyme, with its propionate group interacting 
with arginine residue (Dailey et al., 1986). Upon the binding of ferrous iron, the ring 
distortion of porphyrin was induced and eventually metalation occurred (Blackwood 
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et al, 1998). The kinetics of chironomidae ferrochelatase show good agreement with 
this sequential binding model. The residues which are responsible for substrate 
interactions remain unclear, and were probed by PCR-based mutagenesis approach. 
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Table 4-1 Comparison of the affinities towards the two physiological substrates from 
different species' ferrochelatases 
“ Km (|iM) Reference 
^ PPIX  
Chironomidae larvae 66.4 7.0 
Human liver 0.5 0.35 Camadro et al, 1984 
Rat liver 33.1 28.5 Taketani et al., 1981 
Bovine liver 80 11 Dailey et al., 1984 
Chick erythrocytes 166 37 Hanson et al., 1984 
Rhodobacter sphaeroides 22 18 Dailey 1982 
Saccharomyces cerevisiae 1.6 5.9 Camadro et al, 1982 
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Part Four 
Mutagenesis study of iron sulfur cluster 
4.1 Location of cysteine residues forming the iron-sulfur cluster 
Chironomidae ferrochelatase is regarded as metalloenzyme due to the presence of an 
iron-sulfur cluster and its presence was previously shown by EPR (Leung et a l , 
2004). The iron-sulfur cluster found in chironomidae ferrochelatase belongs to the 
class of feiredoxin, with four cysteine residues as ligands coordinating to a ferrous 
iron. The residues involved in this cluster are unknown. These cysteine residues were 
substituted by alanine individually. All alanine-substituted mutants showed no 
detectable activities. Serine-substituted mutants at Cysl66, Cys371 and Cys376 
showed different enzyme activities, while mutant C381S showed almost no activity. 
These results show that the thiol groups of these cysteine residues are essential to 
enzyme function. Since it was shown that iron-sulfur cluster is needed to maintain 
the enzyme in proper orientation for normal function (Sellers et al , 1998), our 
findings imply that the cysteine residues tested are the residues responsible for 
iron-sulfur cluster formation in chironomidae ferrochelatase. The cluster has a unique 
characteristic of the cysteine residues arrangement: 
NH2-Cys-X206-Cys-X2-Cys-X4-Cys-COOH, where X represents any amino acid 
residues. Though this study shows the cluster is essential to enzyme function, the 
exact roles that the cluster plays are unclear. The possibility of the direct involvement 
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of these residues in catalysis is ruled out, as certain prokaryotic ferrochelatases lack 
iron-sulfur cluster function properly (Medlock et al, 2000). It was proposed that the 
cluster was essential to dimer formation (Wu et al., 2001). However, more studies are 
required before any definite conclusions about the cluster function can be drawn. 
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Part Five 
Mutagenesis study of metalation by ferrous iron 
Substrate metal binding on ferrochelatase and its insertion into porphyrin are unclear. 
Besides, it is uncertain whether the elevated enzyme activity of chironomidae 
ferrochelatase is due to any special features at ferrous iron insertion. Therefore, sites 
responsible for metal binding and catalysis were examined by mutagenesis approach. 
5.1 Role of His234 
An evolutionary conserved histidine, His234, was hypothesized to be essential to 
chironomidae ferrochelatase function. Our results presented show that His234 is 
essential to both the metal binding and metalation of protoporphyrin IX. Alanine- and 
aspartate-substituted mutations caused a significant loss of the enzyme activity, while 
mutant H234N showed 84% of wild type's activity. These results suggest that the 
5-nitrogen atom of the imidazole group of His234 is essential to the catalysis of 
metalation. In addition H234N caused 2.3 folds increase in the Km value towards 
ferrous iron, implying that H234 is one of the residues that ferrous iron binds to. 
These results are in agreement with the studies on yeast and human ferrochelatases. 
Mutations at the corresponding histidine (His235) of yeast ferrochelatase caused a 
decrease in the enzyme activity and increase in Km value by 190 folds (Gora et al, 
1996). Similar change was also found in human ferrochelatase. Substitution of the 
corresponding histidine (His263) by alanine caused 70% decrease in activity 
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compared with the wild type's. The residual enzyme activity showed a Km value 
increased by 18 folds (Kohno et al , 1994). 
The catalytic power of His234 probably comes from its two protonation sites at the 
imidazole group side chain. These protonation sites make His234 act as a 
proton-abstracting residue at ferrochelatase. Metalation of protoporphyrin IX 
accompanied the proton abstractions from the pyrrole MHs. (Lavallee et a l , 1988). In 
this connection, His234 may be responsible for this proton abstraction upon 
porphyrin binding. When histidine accepts a proton from porphyrin, it passes this 
proton to another acidic residues that are in close proximity (Wu et al., 2001). His234 
not only functions as a proton-abstracting residue, the elevated Km values of mutants 
at His234 clearly suggest that His234 interacts with the substrate metal ion. From 
these observations, it was concluded that His234 inserts ferrous iron into the pyrrole 
ring of porphyrin. Iron displaces the pyrrole hydrogen atoms. His234 then accepts 
these hydrogen atoms. 
5.2 Catalytic roles of GluSlO, Glu313 and Glu317 
The roles of three glutamate residues, namely GluSlO, Glu313 and Glu317, were 
examined. Their exact roles of ferrochelatase catalysis remain sketchy. The 
respective residues of human ferrochelatase play sole role in catalysis (Wu et al., 
2001), however, in Bacillus subtilis, the residues are essential to catalysis as well as 
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substrate metal binding (Al-Karadaghi et al, 1997). From our mutagenesis study, 
these glutamate residues were found to play dual roles in catalysis and metal binding. 
Alanine-substitutions of these glutamate residues abolished the enzyme activity, 
while mutants E310D and E313D rescued certain enzyme activity but E317D did not. 
Mutant E317D showed that the activity was only 7% of the wild type's one. The 
results imply that the carboxyl groups are important for catalysis. For the mutant 
E317D，the failure of aspartate in rescuing enzyme activity implies that the precise 
orientation of carboxyl group is critically essential to Glu317 for normal function 
since the side chain of aspartate is shorter than that of glutamate by one -CH2 group. 
Since the carboxyl group of glutamate residue has a pKa value of about 4.5, under 
most physiological circumstances, this carboxyl group is generally ionized as 
carboxylate. Structural studies of human (Wu et al., 2001) and S. cerevisiae 
(Karlberg et al , 2002) ferrochelatases showed that the corresponding glutamate 
residues of the two enzymes are in close proximity to histidine, which is the essential 
residue to proton abstraction from porphyrin. The homology model of chironomidae 
ferrochelatase shows similar structure to those of these two enzymes. The results 
suggest that these carboxylate groups accept proton from His234, and these 
carboxylate groups align them into a proton relay system (Fig. 4-1) that transfer 
proton from the interior active site to exterior protein surface. Charge relay system 
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are found in serine protease (Kraut 1977) and other members of the protease family 
like trypsin (Stroud et a l , 1974) and S. griseus protease B (Codding et a l , 1974). In 
the charge relay system of serine protease, the three catalytic residues, Serl95, His57 
and Asp 102, align themselves in the way that the nucleophilicity of Serl95 is 
enhanced by the base catalysis of His57, which abstracts proton from the hydroxyl 
group of Serl95. The basicity ofHisSV, on the other hand, is enhanced by Asp 102. In 
the case of chironomidae ferrochelatase, it was hypothesized that the proton 
abstracting power of His234 was enhanced by Glu313, which in turn by Glu317 as 
Glu317 accepts proton from Glu313. The proton abstracting power of Glu317 in turn 
was enhanced by Glu310. Glu310 finally transfers the proton to other acceptor or 
solvent molecule. The homology model of chironomidae ferrochelatase shows that 
His234, Glu313，Glu317 and GluSlO lie in the same path. The model explains the 
complete loss of the enzyme activity at all alanine-substituted mutants. In these 
mutants, as no proton transfers are allowed due to the impaired relay system as 
carboxyl group was removed, the proton abstraction from protoporphyrin IX by 
His234 becomes impossible, resulting in loss of the enzyme activity. The model also 
explains why aspartate substitution at Glu317 showed little enzyme activity. Fig. 4-2 
shows the spatial arrangement of the residues involved in proton transfer at mutant 
E317D. The aspartate was oriented in such a way tliat the carboxyl group stayed 
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away from that of Glu310. The longer distance may lead to failure in proton transfer 
from Asp317 to Glu310, hence the enzyme activity dropped. The loss of the enzyme 
activities by mutations at the corresponding residues of S. cerevisiae (Gora et a l , 
1996) and human (Sellers et al., 2001) ferrochelatases may be explained by the 
hypothesized model. 
5.3 Substrate binding on Glu310, Glu313 and Glu317 
Our works not only suggest residues Glu310，Glu313 and Glu317 are essential to 
metalation, but also show that they bind ferrous iron, as indicated by the elevation in 
Km values found in mutations at all of these glutamate residues. There is discrepancy 
among studies concerning with these glutamate residues. Studies at yeast (Gora et al., 
1996) and human (Sellers et al., 2001) ferrochelatases showed no changes at the 
enzyme affinities towards ferrous iron. The reasons accounting for this discrepancy 
are unclear. The dual roles of these glutamate residues may be due to the different 
active site geometry of chironomidae ferrochelatase. The elevation of chironomidae 
ferrochelatase activity (Leung et al., 2001) may be due to this additional ferrous 
iron-binding site. The early kinetic study reveals that the affinity of chironomidae 
ferrochelatase towards ferrous iron is similar to those of different species' 
ferrochelatases reported in the literature. This additional binding site is therefore less 
likely to contribute to the initial ferrous iron binding on enzyme, but helps to position 
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the ferrous iron in a more proper orientation for its insertion into protoporphyrin IX, 
so eventually it could facilitate a more efficient metalation process. 
5.4 Partial picture of metalation and future work on active site residues 
Several active site residues were identified to be responsible for catalysis and ferrous 
iron binding. A partial picture of metalation of protoporphyrin IX can be drawn. 
Protoporphyrin IX first binds to the enzyme prior to ferrous iron, as indicated by the 
higher enzyme affinity towards it. Upon ferrous iron binding on His234, distortion of 
porphyrin ring occurs. Residue His234 is believed to abstract proton from 
protoporphyrin IX before metalation can occur. Glu310, Giu313 and Glu317, which 
align them on helical structure and with their carboxyl groups pointing to the same 
direction, accept the proton from His234. A relay system is therefore proposed. These 
glutamate residues were found to interact with ferrous iron. This interaction is only 
reported in ferrochelatase from Bacillus subtilis to our knowledge, and is absent in 
mammalian and yeast ferrochelatases reported. This interaction may orient ferrous 
iron to a position that favor metalation, resulting in an elevated enzyme activity of 
chironomidae ferrochelatase. 
5.5 Future works on the active site residues 
In spite of these findings, there remain questions concerning the existence of an 
initial ferrous iron binding site and the enzyme interactions with ferrous iron. 
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Mutagenesis study of human ferrochelatase revealed ferrous iron might initially bind 
to Asp383 and His231, and is transported into interior active site via Argl64 and 
Tyrl65 before its insertion by His263 (Sellers et al., 2001). These residues are 
conserved in chironomidae ferrochelatase, and may also play the role as those in 
human's one. In addition, the Mossbauer spectroscopy study of murine ferrochelatase 
suggested that the coordination environment for the ferrous iron consists of nitrogen-
and/or oxygen-containing residues (Franco et al., 1995). The involvement of such 
resides was later confirmed by the structural study of S. cerevisiae ferrochelatase 
(Karlberg et al., 2002). Karlberg and his colleagues suggested that the metal ion is 
weakly coordinated to a serine residue. The corresponding residue is Ser274 of 
chironomidae ferrochelatase as shown by multiple sequence alignment. 
Besides the interaction with ferrous iron, the understanding of protoporphyrin IX 
binding of chironomidae ferrochelatase stays at its infancy. The arginine residue was 
proposed to interact with the propionate group of porphyrin with its positive charge 
(Dailey et al , 1986). Besides, the structural study of human ferrochelatase showed 
certain hydrophobic and aromatic residues like tryptophan, proline and phenylalanine 
are involved in porphyrin binding and distortion (Wu et al, 2001). The mutagenesis 
studies of the corresponding residues of chironomidae ferrochelatase would provide 
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Fig. 4-1 The spatial arrangement of the proposed proton relay system formed by 
His234, Glu310, Glu313 and Glu317. (A) The arrow represents the possible direction 
of proton transfer mediated by this system. The side chain of the three residues are 
aligned in the way that proton can be transferred through this system as shown. (B) 
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Fig. 4-2 The spatial arrangements of the active site residues responsible for proton 
transfer at (A) the wild type enzyme, and (B) the mutant E317D. Aspartate 




Copper activation of chironomidae ferrochelatase 
6.1 Chironomidae ferrochelatase interaction with copper (II) ion 
The previous study showed that copper (H) ion stimulates chironomidae 
ferrochelatase by nearly four folds (Leung et al, 2004). Bacillus subtilis 
ferrochelatase has recently been found to be stimulated by magnesium by 1.4 folds at 
the enzyme's maximal velocity (Lecerof et al., 2003). However, chironomidae 
ferrochelatase is unique in that divalent metal ion activated the enzyme by nearly 
four folds. The result of the kinetic analysis of this stimulation clearly implies that 
copper ion enhances the enzyme's maximal velocity and affinity towards ferrous iron 
but interestingly decreases the affinity towards protoporphyrin IX. Based on our 
early findings from the kinetic study, we proposed that protoporphyrin IX binds to 
the enzyme prior to ferrous iron. Binding of ferrous iron is probably a rate-limiting 
step of metalation. Copper increases the enzyme's affinity towards ferrous iron, and 
subsequently, the interaction makes the metalation more efficient. 
The enzyme was titrated with different copper ion concentration, and the 
fluorescence quenching effect was monitored by fluorescence spectroscopy. The 
relative fluorescence intensity suggests copper (11) ions bind to certain site/sites on 
chironomidae ferrochelatase, as evidenced by the fluorescence quenching with metal 
binding on protein (Urvoas et al., 2004). Copper (E) ions bind to chironomidae 
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ferrochelatase with a dissociation constant of 0.57 pM. The magnitude of this 
dissociation constant lies within a range of micromolar, which does not reflect the 
physiological condition. However, chironomidae larvae lives in many extreme 
habitats including heavily-contaminated areas by heavy metals. This magnitude of 
dissociation constant may be the results of the selection pressure contributed by high 
metal ion concentration at habitats along the evolutionary process. 
The fluorescence quenching was saturated at 2 molar equivalence of the enzyme 
concentration during the titration experiment, implying two copper (II) ions bind to 
one ferrochelatase molecule. Chironomidae ferrochelatase, like most other species' 
ferrochelatases, functions as a homodimer (Leung et al.，2001). Therefore, we may 
assume that there are two binding sites on the dimeric enzyme, in which each 
monomer contains one site. The binding of copper ions on each monomer is 
independent from each other, as indicated by the Hill coefficient (n) value close to 
the unity, which means there is no cooperativity. 
6.2 Putative copper-binding sites on chironomidae ferrochelatase 
The present study identified a putative copper binding site at the N-terminal region 
that we previously hypothesized. Mutations at His60 and GIu94 inhibited copper 
stimulation and significantly elevated the Kd values, implying that these two residues 
play important roles in copper binding. In addition mutations at Glu67 and Glu95 
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affected the Ka values and copper stimulation in less severe manner, suggesting that 
these two residues only play ancillary roles in copper binding. The spatial 
arrangement of these residues is shown in Fig 4-3. Since the ligand residues involve 
carboxylate and imidazole groups, copper (II) ion is believed to have coordination 
geometry of either tetragonal or square planar. The putative binding sites that we 
proposed here are different from those commonly found. Many copper-binding 
proteins posses a conserved binding motif. Met-X-Cys-X-X-Cys. Examples include 
protein disulfide isomerase from human (Narindrasorasak et al., 2003) and Cu 
(I)-translocating P-type ATPase from E.coli (Rensing et al., 2000). The existing data 
of conserved motif show this conserved copper binding motif is absent in 
chironomidae ferrochelatase. The reason why chironomidae ferrochelatase does not 
employ this motif is unclear. At the C-terminus of chironomidae ferrochelatase, there 
are two cysteine residues aligning in Cys-X-X-Cys arrangement. However, these 
residues were shown to be essential to iron-sulfur formation, so they are less likely to 
interact with copper ion. 
6.3 The hypothesized model of copper activation 
Events follow the copper binding on the putative binding site are unclear. The 
intrinsic fluorescence quenching may imply that the copper binding induces a subtle 
conformational change of protein. This makes the active site more accessible to the 
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substrate ion, resulting in an elevated enzyme affinity towards ferrous iron that was 
demonstrated by the kinetic analysis. This conformational change may also enhance 
the proton abstraction from the porphyrin pyrrole ring by His234, and the proton 
transfer through the carboxylate-rich helical region. In addition copper binding may 
facilitate metal release from the residue ligands and solvent to allow the insertion 
into porphyrin. 
6.4 Direct copper involvement in catalysis 
Apart from the induced-conformational change model of copper activation, copper 
ions may directly involve in catalysis. It could function as an intermediate stabilizer. 
Actually, involvement of metal ions in catalysis was commonly found in biological 
systems. Zn (11) ion plays catalytic role in carboxypeptidase A, and the X-ray 
crystallographic studies of this enzyme showed Zn (II) ion was located at the active 
site and coordinated by His69, Glu72 and His 196 (Quiocho et al., 1971, Christianson 
et al., 1989). Zn (II) ion enhances the electrophilicity of the carbonyl carbon of 
peptide, and makes this carbon more susceptible to nucleophilic attack of Glu270 at 
the active site. Copper may be transported into the active site pocket to activate the 
enzyme. The positive charge of copper (II) ion may help to hold the protoporphyrin 
IX in proper orientation through interacting with the negatively charged propionate 
groups. This results in elevation of the enzyme velocity as observed by kinetic study 
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of copper activation. In addition, a recent study of carbon monoxide 
dehydrogenase/acetyl-coenzyme A synthase has revealed that copper is essential in 
the metallo-cluster (Doukov et al., 2002). This leads to an idea that copper may be 
nestled between the iron-sulfur cluster in chironomidae ferrochelatase. However, 
more physical characterization of the cluster should be done before any definite 
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Fig. 4-3 The spatial arrangement of the residues constituting the putative copper 
binding site on each monomer. His60 and Glu94 are found to be essential to copper 
binding, and their functional side chains are pointing towards the same direction. 
Copper (II) ion is believed to be coordinated as either square planar or tetragonal. 
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Chapter Five Summary 
Ferrochelatase catalyses the insertion of ferrous iron into protoporphyrin IX to 
produce heme, and the enzyme from chironomidae ferrochelatase was studied in 
detail in this work through kinetic and mutagenesis approach. This work achieved 
three major goals; (1) to identify the cysteine residues constituting the iron-sulfur 
cluster, (2) to probe the involvement of residues in substrate-metal binding and 
catalysis and (3) to probe the putative copper binding site in chironomidae 
ferrochelatase. 
Chironomidae ferrochelatase is a metalloenzyme that possesses an iron-sulfur cluster, 
with a ferrous iron ligand to four cysteine residues. These four cysteine residues were 
identified as Cysl66, Cys373, Cys376 and Cys381 by mutagenesis study. These 
cysteine residues are arranged in NHb-Cys-X206-Cys-X2-Cys-X4-Cys-COOH, which 
is commonly found in other species' ferrochelatases. The mutagenesis study 
indicated that chironomidae ferrochelatase shows no activity with non-cysteinyl 
cluster, which is found in many metalloenzymes. 
The purification of ferrochelatase from chironomidae larvae is laborious and 
time-consuming. Recombinant enzyme was therefore expressed by bacterial 
expression system. Chironomidae ferrochelatase was successfully expressed as a 
soluble protein, and the kinetic study showed the Km values of the enzyme towards 
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ferrous iron and protoporphyrin IX are 66 |jM and 7 |jM, respectively. 
The present study provides insights into the metalation process catalyzed by 
ferrochelatase. By mutagenesis and kinetic studies of the related residues, it was 
found that His234, Glu310, Glu313 and Glu317 are essential to catalysis and 
substrate-metal binding. The results suggest that His234 may be responsible for 
proton abstraction from the pyrrole ring of protoporphyrin IX. The three glutamate 
residues accept protons from His234, and transfer them to the exterior protein surface. 
A model of proton relay system was therefore proposed. This work also showed that 
His234 and the three glutamate residues also bind ferrous iron, while such binding of 
ferrous iron to the corresponding acidic residues of human and yeast ferrochelatases 
are absent. This additional enzyme interaction with the substrate metal may account 
for the elevated activity of chironomidae ferrochelatase. 
Copper was found to stimulate chironomidae ferrochelatase by four folds (Leung et 
a l , 2004). The kinetic analysis of copper activation suggests that copper ion 
increases the affinity of the enzyme towards ferrous iron and the maximal velocity by 
four folds, but slightly decreases the affinity of the enzyme towards protoporphyrin 
IX. We envisaged that copper stimulates chironomidae ferrochelatase through 
binding at specific sites of the enzyme. The present mutagenesis study shows that 
His60, Glu67, Glu94 and Glu95 form a binding site with each monomer of the 
95 
functional dimeric enzyme. No cooperativity was found between these two sites with 
each monomer. Metal titration as well as fluorescence spectroscopy showed that 
copper ions bind to the enzyme with a dissociation constant of 0.57 |iM. 
The findings of the present study enable us to get a better understanding of the 
metalation catalyzed by chironomidae ferrochelatase, and also the copper stimulation 
of the enzyme. The study provides valuable information to the protein engineering of 
human ferrochelatase, which is a possible therapeutic approach to the treatment of 
erythropoietic protoporphyria (EPP). EPP is a genetic disease due to defects in 
ferrochelatase. In addition, the copper activation study may shed light on the 
development of certain industrial proteins that can be stimulated by metal ions, 
which can in turn increase the product yield. 
These works encompass the future direction of the in-depth studies on chironomidae 
ferrochelatase. Based on the present works, structural study of this enzyme by x-ray 
crystallography and circular dichroism would yield a clear picture of the catalysis 
and copper activation. 
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